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/QHE OPERATION OF AN ELECTRON-BOMBARDMENT

ION SOURCE WITH VARTOUS GASES M H

by Paul D. Reader>

MEp. Lewls Research Cezlb‘e_;"/ @ f%(
Choctady Ol
ABSTRACT 7[%

The efficiency of the electron-bombardment thrustor is approaching the
maximum that can be expected. Desired lifetimes (of the order of 10,000 hr)
have not yet been reached, but present knowledge indicates such lifetimes
should be obtainable, The simplicity of this thrustor maskes it interesting
as an ion source for various laboratory experithents. Various gases have
been used to determine the ion-chamber end accelerator performance for such

applications.
\ 1" p o
Z‘%i}%
TNTRODUCTION

Several areas of work on the electron-bombardment thrustor appg“ to
be reaching completion. The ion-chamber configuration (ref. 1), magnetic
field design (ref. 2), and the accelerator structure (ref., 3) all fall
into this category. A possible exception might be an attempt to produce a
more uniform current density, which would permit considerably greater average
power densities for the same accelerator system lifetime.

The cathode is probably the most important component research srea re-
maining for these thrustors. The cesium autocathode, with no apparent life-
time limit, is one promising solution. The use of cesium, however, places
more severe limits on the thrust-to-area ratio at low specific impulse than
does mercury. For this reason, continued research is warranted on cathodes
employing alkaline-earth carbonates. Very substential lifetimes (more than
1600 hr) have already been cobtained with cathodes of this type in component
tests.

The present efficiency of the electron-bombardment thrustor ranges
from about 60 percent at 4000 seconds specific impulse to about 80 percent
at 10,000 seconds (ref. 4). These efficiencies are equivalent to power to
thrust ratios of sbout 150 kilowatts per pound at 4000 seconds and almost
300 kilowatts per pound at 10,000 seconds. This performance is adequate for
most proposed electric propulsion missions. ‘

The simplicity and ruggedness of the electron-bombardment thrustor
-also mekes it interesting as an ion source for a variety of experiments.
Plain tantalum or tungsten cathodes may be adequate for this application.
Such cathodes have been evaluated for electric propulsion (ref, 5), and

ol 1o MASA Offices and ~ x-o20
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were found to be much less efficient and shorter-lived than the autocathode
or oxide~matrix types, but the demonstrated lifetime of over 1000 hours
should be sufficient for ion source applications. Also the ease of fabri-
cation and operation mske such cathodes a natural selection for this purpose.

Some plasma experiments in which the ion source is used simply to
produce a beam or plasme column can use cesium or mercury, the elements of
interest for propulsion. Other experiments, though, require the lonization
of a number of elements. The performance of the ion-chamber and acceler=-
ator system were, therefore, evaluated with a number of gases ~ such as
krypton, argon, nitrogen, helium, and hydrogen. This study was made with
an existing 1lO-centimeter thrustor that had been thoroughly investigated
with mercury as the propellant. The date from these tests 1ndicate the
types of ions that this source can effectively produce.

APPARATUS AND PROCEDURE

A cutaway sketch of the 10-centimeter-diameter ion source used in
these tests is shown in figure 1. The gas flow to the source is controlled
by a calibrated leak. The material to be ionized passes through a flow
distributor into the ionization chamber, which contains the cylindrical
anode and an axially mounted cathode. An axial magnetic field prevents
electrons, which are emitted from the cathode, from rapidly escaping to the
anode, FEscape of electrons to either end of the chamber is prevented by
operating these ends at the same potential as the cathode. Some of the
neutrals are ionized by the bombarding electrons, and some of these ions
reach the' perforated grid system at the downstream end of the chamber, This
grid system (ion extraction system) focuses and accelerates the ilons that
reach the plane of the first grid into an lon exhaust beam. For thrustor
applications, a neutralizer (not shown in fig. 1) then current and charge
ﬁ%tralizes the ion beam.

The current density range at which ilon chanmber losses are minimizeéed
and accelerator dursbility 1s at an acceptable level occurs (for a 10~ -
centimeter-diameter mercury source) for neutral flow rates equivalért to
gbout 0.15 to 0.2 amperes of singly charged ions. The product of the
equivalent neutral current, ionization cross-section, and the square root
of moleéular weight (which determinég residence time for a fixed neutral
temperature) was used (with mercury as the standard) as a scaling parameter
to estimaté a scaled flow rate for each gas tésteds . A constant value of
this scaling relation implies a constant probebility of ionization per
unit path length of an ionizing electron. Flow rates above and below the
values estimated from this simple scaling relation were explored to account
for uncertainties in the relative values of ionization cross section and
other discharge effects not included in the flow estimatbe.

Previous investigations have indiCated that (with an optimized ion
chamber geometry) the mechanism controlling the maximum propellant wtiliza-
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tion efficiency that can be obtained is probably the rapid escape of neu-
tral atoms from the ionization chamber, It was anticipated, therefore,
that the lighter gases, in a chanber optimized for mercury, would yield
propellant utilization efficlencles lower than mercury.

The use of a 10-centimeter-diameter mercury ion thrustor results in
another 1imit that must be mentioned. The refractory metal cathode con~
figuretlion used in this Investigation burns out very rapidly at emission
currents much sbove 10 amperes, This current restriction naturally limits
the discharge power that can be obtalned at a glven discharge potential.
This particular limit is noted in the discussion when it affects the data.

DISCUSSION OF RESULTS

The usual method of comparing the performance of several electron-
bonbardment ion sources is to determine the discharge energy required to
produce a beam lon. This energy, in electron volis per ion (ev/ion), is
arrived at in the following manner:

discharge (aischarge_’beam

energy dissipated in  _ potential \current  .current
discharge per beem ion bean
current

Subtracting the beam current from the discharge (anode) current accounts

for the low energy secondary electrons.liberated in the ioriization process.
In the following discussion the discharge power dissipated per beam ion will
be used to compare the lonization efficiencles obtalned for each gas with
that of mercury. All of the tests were performed with the same source
except for certain modifications made for light gases ~ which will be de~
scribed with the appropriate experimental data.

The curves of figure 2 are data obtained with the 10-centimeter-
diameter ion source and presented in reference 6. The curves are intended
to illustrate general trends rather than the absolute performance of the
SOUTrCe. ’

Figure 2(a) shows the variation of energy dissipated in the discharge
per beam lon with increasing mass utilization efficiency. As the utiliza=-
tion efficiency is increased, the energy required to ionize an additional
amount of material increases and is asymptotic to 100 percent efficiency.
The mass utilization efficiency is determined for mercury by dividing the
beam current by the equivalent current of neutrals and operating the source
at discharge potentials that minimize the percentage of multiply-charged
ions (ref. 7). The values for the other source parameters, which were held
constant except where noted, are presented on the figure.
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The effect of increasing magnetic field on discharge losses is dig=
played in figure 2(b). As the containment of high~velocity ionizing elec~
trons increases with increasing magnetic field, the losses at first drop
rapidly, but then approach a constant value at a magnetic field strength
that yields an electron cyclotron radius of agbout one~fifth the source
radius. ' ‘ '

Figure 2(c) shows the effect of discharge potential on ion chamber
losses. At low potentials the ionization cross~section decreases rapidly
and leads to large discharge currents to maintaln a constent mass utiliza-
tion efficiency.- As the ion chamber potential difference (discharge poten=
tial) is Increased, the losses go through a minimum. Above a discharge
potential of gbout 50 volts, the percentage of multiply charged mercury lons
becomes significant (ref. 7) and the initial assumption of singly iénized
exhaust beam particles less accurate, The range of dilscharge potentials
anticipated for propulsion applications are at the minimum discharge loss
point or below because of cathode durability considerations (ref. 5).

The final curve (fig. 2(d)) indicates the effect of net accelerating
potential on the energy dissipated in the ion chamber per beam ion. As
the extraetion field increases with a given geometry, the ions are with-
drawn from the discharge more efficlently thus reducing the discharge
losses per ion.

The first gas tested, krypton, gave excellent performance over a wide
range of ion source operating conditions. The variation of source output
with electrical parameters was qualitatively similer to operation with
mereury. . The general trends cobtained with krypton are shown in figure 3.
Figure 3(a) displays the trend of discharge losses with increasing mass
wbilization efficiency for several neutral flow rates. The flow rates that
gave the best performance (low discharge power) were found to be equivalent
10 0.35 to 0.5 amperes of singly lonized atoms. This range proved to be
slightly lower than the 0.56 amperes estimated from the flow scaling rela-
tion mentioned previously. Mass utilization efficiencies up to 70 percent
were obtained with krypton. .

Figure 3(b) demonstrates the effect of magnetic field on the eherEy”
dissipated in the discharge for two neutral flow rates. An equivalent™
neutral flow rate of 0.42 amperes with a mass wutilization efficiency of
53~percent resulted in a sharp increase in discharge losses when the
minimum-loss. field strenghth was exceeded. This trend is characteristic
of a chanber operating off-design for the particular meterial being iomized.
Similar characteristics are obtained for mercury with unusual flow distri-
butors or very short ion chanmbers. Increasing the egquivalent neutral Tlow
rate to 0.64 amperes yielded a curve (dashed line) similar to that shown
in figure 2(b) for mercury.

Figures 3(c) and (d) display the discharge loss trends for krypton
with ion chamber potential difference and net accelerating potential, re-
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spectively. ~As mentioned previously, the qualitative trends are similar
to those of mercury (figs. 2(c) and (4)). '

Argon gave results that were qualitatively similar to krypton and,
hence, mercury, The effects of the electrical parameters on source output
were more pronounced in that the optimum values of these parameters re~
quired to maximize output were guite well defined,

Figure 4(a) shows the energy dissipated in the discharge as a func-
tion of mass utilization efficiency for two argon flow rates. The param-
eters held constant are again glven on the figure., The lowest level of
discharge loss at a given mass utilization efficiency was obtained at a
neutral flow rate equivalent to 1.0 ampere. This flow rate had been esti-
mated at 0.8 amperes from the flow scaling relation. The maximum mass
ubtilization efficiency that was obtained with argon was 50 percent., This
1imit oceurred very nearly at the cathode emisgion limit. A greater dis=-
charge power capability would probably allow a slightly higher mass utiliza-
tion efficiency with this gas.

Figures 4(b), (e), and (d) show the trends of ion chamber losses with
magnetic field strength, ion chamber potential difference, and net ac~
celerating potential, respectively. The results are similar to those ob-
tained with mercury (fig. 2) and krypton (fig. 3). ‘

After the sbove data had been cobtained, a modification was made to
the source in an effort to eliminate the effects of the ion chamber power
(filament emission) restriction. An annular ring was placed upstream of
the ion extraction system to reduce the exhaust beam diamebter from 10 to
5 centimeters. The neutral flow rate was also reduced to 25 percent of
the former values to match the reduction of aceelerator area. This modi-
fication allowed the maximum discharge power per unit beam area to be
raised by a factor of four without changing the filament emission limita-
tion. The internal ion chanmber geometry was not altered. A slightly
higher mass utilization efficiency (55 percent) could be attained using
argon with this configuration. . ’

Nitrogen was the first diatomic gas tested in the program. The effect
of small variations in electrical parameters became of increasing importance
with this gase. ’

The neutral flow rate estimated from the previously mentioned scaling
relation was 2.2 amperes of monatomic nitrogen. This flow rate was used as
a starting point even though the annular plate had been used to reduce the
flow area. (The annular platé was used for the balance of the program with
lighter. gases.) '

Figure 5(a) shows the effect of mass utilization efficiency on ion
chamber discharge losses for two values of neutral flow. The lowest disg~
charge losses for a given mass utilization occur at flow rates correspond-
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ing to about 3,0 amperes of atomic nitrogen ions. The mass wtilization was
calculated assuming that the exhaust beam was composed of singly charged -
atomie nitrogen ions (N*). The possible error in this assumption is indi~
cated by measurements made by Nelson L. Milder at the Lewis Research Center
with a guadrapole mass spectrometer ubilizing a S=centimeter-diameter
electron~-bombardment ion source. These measurements indicate that, between
discharge potentials of 50 and 90 volts, 80 percent of the exhaust beam is
composed of atomiec nitrogen ions. The 1lO=centimeter-diameter ion source
has also been shown to he an exbremely effective molecular fragmentation
device (ref., 8). However, no special effort was made to determine the
percentages of Nt or N+ in the exhaust beam during this investigation.
The best mass uillization efficiency obtained, assuming all Nt, was

23 percent (not shown on the figure). The actual mass utlllzation ig
probably slightly gbove this value due to the presence of some N% ions.

Figure 5(b) shows the marked effect of magnetic field strength on the
operation (discharge losses) of the source. Above 32 gauss and below 15
gauss, the discharge was extinguished. Figure 5(e¢) shows the general trend
of discharge loss that has been typical of all types of ions with increasing
extraction potenbtial.

The operation of the source on both helium and hydrogen was very
eritical with regard to values of electrical parameters. Beam currents
of about 0,35 amperes were obtained with both helium and hydrogen but ab
flow rates of about 25 and 31 amperes, respectively. The mass utilization
efficiencies for both gases were, therefore, below 2 percent. The maximum
mass utilization was severely hampered in both cases by the emission limit
of the cathode. Accelerstor impingement currents recorded throughout the
program were consistently between 1 and 2 percent of the ionébeam current
for every gas tested.

CONCLUDING REMARKS

The elechtron-bonbardment thrustor offers a simple and relisgble ion
source for a variety of experiments. The accelerating potential can be
varied to provide a wide range of particle exhaust velocities, and “the
characteristics of the source allow it to be optimized for ionization of
various gases.

The present study indicated that gases with atomic weights greater
+than that of argon can be ionized in a conventiomal ion source at mass
utilization efficiencies of at least 50 percent. The reduction of mass
utilization and the increasingly critical dependence of source operation on
small ranges of electrical parameters with decreasing atomic weights are
typical of nonopbimum source operation. Effects of this nature eoccur with
the conventional mercury source either when it is operated at too low g
propellant flow or when the chamber geometry is altered significantly from
+the optimum. It is anbicipated that the mass ubtilization of any of the gases



tested could he improved by careful attention to flow and geometric con~
figurations. Even without optimizing the source for a given gas, the
utilization can be improved if larger eathode emlssion currents are possibles
Larger discharge power requirements might demasnd a thrustor cooling system,
but this would not be a serious problem with a leboretory experiment.
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ENERGY DISSIPATED
IN ION CHAMBER

DISCHARGE
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EQUIVALENT NEUTRAL
FLOW RATE, AMP
0.64
1000 — / —
800 — 042 —
\ o042
600 |— / — \M— 064
/
400 / —
PZ b,
2oo | | A
2 .4 .6 O O 20 40 60 80 100
MASS UTILIZATION MAGNETIC FIELD
EFFICIENCY, STRENGTH, GAUSS
1000 — —
800 |— —
600 [— [ \
400 |— —
C d.
200 [ S I [
0O 20 40 60 80 100 O | 2 3 4 5
1ON CHAMBER NET ACCELERATING
POTENTIAL DIFFERENCE, V POTENTIAL, KV

Parameters when ndtspecified:

Mass utilization efficiency, 0.53 Net accelerating potential, 2.5 kv
Magnetic field strength, 25 gauss Neutral flow rate, 0.42 amp
lon chamber potential diff., 50v Accelerator potential, -2000 v

Figure 3. - Discharge performance of 10-centimeter-diameter ion source using
krypton.
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